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 NEW HAMPSHIRE'
 RAY W. SPEAR
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 Abstract. The pollen and plant-macrofossil records from four small lakes in the sub-
 alpine and alpine zone of the White Mountains, New Hampshire, give a 13 000-yr pa-
 leoenvironmental history. The White Mountains were deglaciated before 13 000 yr BP.
 Downwasting of the continental ice sheet was rapid. The summits projected above the ice
 as nunataks for only a brief period of time. Residual ice may have existed in Franconia
 Notch until 11 000 yr BP. From 13 000 to 11 750 yr BP a barren periglacial desert covered
 the highest altitudes in the White Mountains. Tundra vegetation occupied the lower slopes
 and valleys. The mean annual temperature was roughly 50-10C colder than today.
 Sparse tundra vegetation surrounded all four high-elevation sites from 1 1 750 to 10 300
 yr ago and several taxa, particularly Artemisia and Caryophyllaceae, indicate disturbance.
 The summits were subjected to intense periglacial activity. The mean annual temperature
 was 4-6? lower than present. By 10 300 yr BP shrubs such as willow, juniper, and dwarf
 birch had invaded the tundra at Lake of the Clouds. Spruce woodland dominated the lower
 slopes and valleys.
 At 10 300 yr BP spruce populations arrived at high-elevation sites. Macrofossils of fir,
 birch, and shrubs also occur in sediments of this age. The temperature increased to or
 exceeded modern levels. Tree species did not reach the Franconia Notch sites until 9750
 yr BP. At these sites the establishment of subalpine forests spanned a much shorter time
 period. Forests with poplar, spruce, and birch replaced the spruce woodlands of low ele-
 vations.
 Subalpine fir forests became well established by 9000 yr BP. Evidence from the alpine
 site shows that the fir trees were more abundant and treeline higher than today from 10 300
 to 5000 yr BP. After 5000 yr BP, the pollen percentages of alpine indicators increased and
 the numbers of fir macrofossils dropped. Of the three sites in subalpine fir firest, only the
 lowest shows any evidence of a warmer interval in the early Holocene. Treeline is apparently
 a poor temperature indicator because wind and moisture are the major factors determining
 its position. Taxa of the Northern Hardwood Forest (e.g., white pine, hemlock, yellow
 birch, sugar maple, and beech) arrived at lower elevations by 6500 yr BP, but the zones
 of modern vegetation became established only after 2000 yr BP when spruce populations
 expanded at low elevations between 750 and 1200 m.
 Key w ords: alpine, late-glacial, paleoecology; palynology; plant macrofossils; treeline; White
 Miountains.
 INTRODUCTION
 Over the last 12 000 yr the forests of eastern North
 America have undergone dramatic changes. The broad
 patterns of change have been demonstrated by map-
 ping pollen data (Davis 1976, 1981 b, 1983, Bernabo
 and Webb 1977, Webb et al. 1 983, Gaudreau and Webb
 1985, Webb 1986). The dynamics of regional and local
 vegetation change during this period are less well
 understood. Floristic diversity, the readjustment of
 range limits following glaciation, climatic variability
 and change, disturbance, disease, and biotic interac-
 ' Manuscript received 9 January 1987; revised 11 March
 1988; accepted 18 March 1988; final version received 3 June
 1988.
 tions all play a role in vegetation dynamics. Identifying
 how these factors interact to determine the structure
 and function of forest communities is difficult. Davis
 and Botkin (1985) used a forest growth model to sim-
 ulate the response of forest in central New England to
 climatic change. Detailed paleoecological studies can
 also be designed to answer specific questions on the
 history of the forests and vegetation (e.g., Brubaker
 1975, Jacobson 1979). I chose to study the history of
 vegetation at high elevations (above 1200 m) in the
 White Mountains of New Hampshire. Previous work
 (Likens and Davis 1975, Davis et al. 1980) established
 the regional forest history and demonstrated changes
 in the composition and distribution of plant commu-
 nities along the steep climatic gradients of the moun-
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 FIG. 1. Map of the White Mountain National Forest. The subalpine and alpine areas are denoted by the 1200-, 1400-,
 and 1600-m contour intervals. Bodies of water are shown as solid black dots.
 tain slopes. I decided to do a detailed study on high-
 elevation vegetation because its fossil record might yield
 insights into vegetation dynamics unavailable from the
 study of lowland vegetation. High-elevation vegetation
 is a clearly defined unit of limited extent, has low flo-
 ristic diversity (especially of tree species) and presum-
 ably has been in existence for 10 000 yr or more.
 This study has three objectives: (1) to reconstruct
 the temporal pattern of deglaciation and plant colo-
 nization of the White Mountains of New Hampshire;
 (2) to determine when the modern subalpine fir forests
 and alpine plant communities developed from pre-
 vious vegetation and from the lowland vegetation
 14 000-9000 yr ago; and (3) to make inferences about
 climate and biotic interactions from the vegetation rec-
 ord. To meet these objectives I analyzed pollen and
 macrofossils preserved in lake (bog) sediments from
 four sites. The sites are located above 140 m within
 an area of 2500 km2 (Fig. 1). Three sites are in the
 subalpine fir forest and one site at 1542 m is in an
 alpine meadow. One problem with lakes at high ele-
 vations is that they accumulate most of their pollen
 from low-elevation forests (Davis et al. 1980, Spear
 1981, M. B. Davis, personal communication). Plant
 macrofossils that come primarily from within 100 m
 of the basins (Dunwiddie 1987) provide a record of the
 local high-elevation vegetation. Comparison of the fos-
 sil records among my sites and with mid- and low-
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 elevation sites (Davis et al. 1980, Davis 1983, and M.
 B. Davis, personal communication) provide much in-
 formation on the vegetation dynamics in the subalpine
 and alpine zones and also provide a record of climate
 changes since glaciation.
 STUDY AREA
 Geology
 The White Mountains are part of the mountainous
 terrain extending from northeastern Vermont through
 northern New Hampshire and southern Quebec to Mt.
 Katahdin in Maine (Fenneman 1938). Few peaks in
 the White Mountain National Forest are above 1600
 m in elevation, but the relief is as much as 1150 m
 (Fig. 1). The bedrock of the White Mountain region
 consists largely of resistant gneiss, schist, and quartzite
 of the Littleton Formation (Devonian) (Billings et al.
 1946). Both montane and continental glaciation shaped
 the White Mountains during the Pleistocene. Montane
 glaciers from 10 well-developed cirques in the Presi-
 dential Range preceded Late Wisconsin continental
 glaciation (Goldthwait 1970).
 As the ice sheet thinned and retreated northward
 - 14 000 yr ago, the high peaks were exposed as nun-
 ataks, with irregular tongues of ice persisting in the
 valleys (Goldthwait 1940, Goldthwait and Mickelson
 1982). Deglaciation was followed by a period of intense
 frost activity. Continuous permafrost was present at
 an elevation of 1500 m, at least 300 m below its limit
 today (Goldthwait 1976). This period left periglacial
 features such as the frost-shattered bedrock and debris,
 stone nets, stripes and lobes, and rock glaciers in the
 alpine zone (Antevs 1932, Goldthwait 1940, Harries
 1966). Some modern frost action can be found in the
 alpine zone, evidenced by solifluction features includ-
 ing miniature stone nets and stripes, and turf-banked
 and stone-banked terraces and garlands (Antevs 1932,
 Goldthwait 1940, and Harries 1966).
 Climate
 On the summit of Mt. Washington at 1917 m, the
 mean annual temperature is -2.80C (NOAA 1975a).
 Frost can occur in any month of the year, but it is rare
 in July and August. Seven months have a mean tem-
 perature below 0?, and no month has a mean temper-
 ature above 100. The lower portion of the alpine zone
 has a much milder climate than the summit; temper-
 ature and insolation are higher and precipitation and
 winds are lower (Bliss 1964, Harries 1966). Most of
 the climatic differences are due to altitude, but pre-
 vailing westerly winds and the dissipation of clouds
 passing over the summit also account for differences
 between the western and eastern slopes. Climatic data
 for the subalpine fir forest are summarized by Reiners
 and Lang (1979). For 7 mo of the year the mean tem-
 perature is below 00, whereas for 4 mo it is > 100. The
 number of frost-free days is <90. At Pinkham Notch
 (613 m) the mean annual temperature is 4.40 (NOAA
 1975b). Temperature data from treeline indicate that
 the lapse rate from Pinkham Notch to the summit is
 not a constant 0.530/100 m, but steeper in the alpine
 zone than in the forested elevations (Harries 1966).
 Precipitation in the White Mountains is distributed
 uniformly throughout the year. Total annual precipi-
 tation on the summit of Mt. Washington is 193.5 cm;
 at Pinkham Notch it is 146.7 cm. The elevations at
 which subalpine fir forests grow receive roughly 175
 cm of precipitation a year (Reiners and Lang 1979).
 Fog drip and rime ice significantly increase this figure
 (Lovett et al. 1982). On the summit, 241 d of the year
 are cloudy from sunrise to sunset, whereas at Pinkham
 Notch only 167 d per year are cloudy. Heavy fog per-
 sists for some part of the day on 310 d per year on the
 summit but on only 24 d per year at Pinkham Notch.
 Intermediate elevations are in the clouds 30-50% of
 the time (Reiners and Lang 1979).
 The alpine zone is subjected to extreme wind. The
 maximum wind speed recorded on the summit was
 372 km/h in April 1934. Winds > 161 km/h occur
 every month of the year. The mean annual speed on
 the summit is 56.6 km/h. The mean annual wind speed
 at treeline is 31.3 km/h, less than half that at the sum-
 mit (Harries 1966). Once below treeline the wind speed
 drops dramatically. Average wind speed is 2.91 km/h
 at the 11 58-im station in subalpine forest on Camels
 Hump, Vermont (Siccama 1974). At Pinkham Notch
 mean annual wind speed is 5.3 km/h, and there are
 fewer than 12 d/yr when it exceeds 40 km/h (Harries
 1966).
 Treeline appears to be correlated with an abrupt
 change in thermal lapse rate and wind speed. Both
 increase in the alpine zone. Macroclimate ultimately
 determines the position of treeline, but vegetation
 structure plays an important role in determining mi-
 croclimate above and below treeline.
 Vegetation
 In the White Mountains today, the subalpine forests
 and alpine tundra above 1200 m are similar to boreal
 and arctic vegetation in eastern Canada. Montane co-
 niferous forests of spruce and fir are found in the Ap-
 palachians from Tennessee and North Carolina north-
 ward into New England. Oosting and Billings (1951)
 denoted them as an Appalachian segregate of the spruce-
 fir boreal forest, comparing spruce-fir forests in the
 White Mountains of New Hampshire with those in the
 Great Smoky Mountains of Tennessee. Floristically,
 these Appalachian forests are nearly identical. Red
 spruce (Picea rubens) is important throughout the re-
 gion, while Fraser fir (Abiesfraseri) occurs in the south,
 and the closely related balsam fir (Abies balsamea) grows
 in the north (Myers and Bormann 1963). Except in the
 Catskill Mountains of New York (McIntosh and Hur-
 ley 1964), pure stands of fir occur at the upper eleva-
 tions of the Appalachian coniferous forest.
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 Alpine tundra is found on the mountains of New
 York, New England, and the Gasp& Peninsula in south-
 ern Quebec. The presence of a diverse arctic-alpine
 flora on mountains in the Gulf of St. Lawrence led
 Fernald (1925) to theorize that arctic-alpine plants sur-
 vived Wisconsinan glaciation on nunataks in this re-
 gion. Fernald's theory has been disputed by glacial ge-
 ologists who claim that the region was buried by ice
 (Ives 1974), and by botanists who have discovered new
 fossil localities of Fernald's "disjunct" species on gla-
 ciated terrain in eastern North America (Drury 1969,
 Miller and Thompson 1979). However, arctic-alpine
 species still could have persisted in ice-free or coastal
 sites. Farther south, the mountains in New England
 and New York were indisputably overridden by the
 Laurentide Ice Sheet (Goldthwait 1940, 1970). The
 members of the arctic-alpine floras found on these
 summits today must have migrated from the south as
 the ice retreated.
 Zonation
 Five vegetation zones have been recognized in the
 White Mountains: (1) northern hardwoods (hemlock
 phase); (2) northern hardwoods (spruce phase); (3) sub-
 alpine (spruce-fir phase); (4) subalpine (fir phase); and
 (5) alpine (Reiners and Lang 1979, M. B. Davis, per-
 sonal communication). The first zone is called mixed
 hardwoods by Davis et al. (unpublished manuscript),
 and its extends up to 450 m in elevation. White pine
 (Pinus strobus), red oak (Quercus rubra), and hemlock
 (Tsuga canadensis), are limited to this zone. The north-
 ern hardwoods (spruce phase) occurs from 450 to 750
 m and it includes the upper altitudinal limits of three
 species: yellow birch (Betula lutea), sugar maple (Acer
 saccharum), and beech (Fagus grandifolia). Spruce-fir
 forests are found between 750 and 1220 m. Above
 1220 m red spruce becomes rare and balsam fir dom-
 inates the forest. Fir and black spruce (Picea mariana)
 krummholz are found in the lower part of the alpine
 zone, but upright trees seldom occur beyond 1500 m.
 Subalpine fir forest 1200-1450 m
 Many peaks in the White Mountains are high enough
 to support subalpine forest (Fig. 1). The subalpine for-
 ests are species poor. Fir makes up 99% of the tree
 layer, with a few trees of paper birch (Betula papyrif-
 era), red and black spruce, and mountain ash (Pyrus
 americana). The diversity of shrubs and herbs is also
 low, but the forests are rich in bryophytes (Sprugel
 1976, Reiners and Lang 1979, Sprugel and Bormann
 1981). Bedrock and soils do not at present influence
 the distribution of this forest type (Flaccus 1959, Spru-
 gel 1976, Reiners and Lang 1979, Spear 1981). Reiners
 and Lang (1979) and Sprugel (1976) show that the
 structure of the subalpine fir forest is related to wind.
 Reiners and Lang (1979) determined that subalpine fir
 forests display decreased canopy height, lower density,
 and more even-aged structure with increasing altitude
 because of increased wind exposure at higher eleva-
 tions.
 Treeline
 In this paper, trees are defined as those individuals
 of a tree species >2 m tall (Hustich 1953). I use the
 following commonly accepted definitions: treeline is
 the limit of trees; forest limit is the boundary above
 which trees dominate < 50% of the landscape (in New
 Hampshire treeline coincides with the forest limit);
 species limit is the elevation at which a species can no
 longer exist in any form (Hustich 1953, 1966, Wardle
 1974, Black and Bliss 1978, Elliott 1979, Tranquillini
 1979). Treeline in the Presidentials depends primarily
 on change in temperature with altitude (macroclimate).
 The species limit of black spruce krummholz at 1680
 m (Antevs 1932) is correlated with a mean July tem-
 perature of 100 (Daubenmire 1954). Treeline also var-
 ies with steepness of slope, soil depth, snow cover, and
 exposure to the prevailing wind. On the west slopes of
 the Presidentials, treeline is between 1465 and 1525
 m, but is as low as 1312 m on exposed northwest slopes.
 Treeline is higher on east slopes, usually occurring be-
 tween 1525 and 1588 m, but does not span any moun-
 tain pass lying above 1400 m. Wind exposure is one
 of the most important factors in determining the exact
 position of treeline on the peaks (Monahan 1931, Griggs
 1942, 1946, Bliss 1963, Harries 1966, Tiffney 1972,
 Reiners and Lang 1979). Wind damages trees in the
 winter by desiccation and reduces productivity by low-
 ering the ambient temperature during the summer
 months (Marchand and Chabot 1978).
 Alpine meadow above 1450 in
 The Presidentials have the most extensive alpine
 zone, 20 km2 (13.5 x 1-2 km) (Bliss 1963). The
 highest peak in the range is Mt. Washington at 1917
 m, and six other peaks exceed 1500 m. The Franconia
 Range has a much smaller alpine area, 0.5 x 3.5 km,
 than the Presidential massif. The highest peak is Mt.
 Lafayette at 1603 m. Mt. Moosilauke is 1459 m high
 with an alpine zone of < 10 ha.
 Bliss (1963) identified nine plant communities in the
 alpine zone of the Presidentials: (1) sedge meadow, (2)
 sedge/dwarf-shrub heath, (3) sedge/rush/dwarf-shrub
 heath, (4) dwarf-shrub heath/rush, (5) dwarf-shrub
 heath, (6) Diapensia, (7) snowbank, (8) streamside, and
 (9) bog. Two environmental gradients are important
 in the distribution of alpine communities: (1) a gradient
 of increasing moisture and fog and decreasing temper-
 ature (from dwarf-shrub heath to sedge meadow), re-
 lated directly to increasing altitude; and (2) a gradient
 of snow depth and snow melt (from snowmelt to Dia-
 pensia), inversely related to wind exposure (Bliss 1963,
 Harries 1966). Neither bedrock nor soil type is im-
 portant in determining the distribution of alpine plant
 communities (Bliss 1963, Harries 1966). Rather, the
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 development of soil is determined by the alpine vege-
 tation cover.
 METHODS
 Sites
 The four sites selected for pollen and macrofossil
 analyses (Fig. 1) occupy basins scoured in bedrock by
 glaciation. They have no inflowing streams and only
 small outlet streams.
 Kinsman Pond (44008' N, 71044' W) is the largest
 (1.9 ha) and lowest of the sites at 1140 m. Its watershed
 is small, approximately eight times the size of the pond,
 and rises 170 m in 0.25 km to the summit of North
 Kinsman Mt. on the pond's west shore. The pond is
 surrounded by subalpine forest. The forest canopy is
 -10 m high. Balsam fir is the dominant tree in this
 forest. Heart-leaved paper birch is an important com-
 ponent, with low proportions of red spruce. Kinsman
 Pond and its watershed are underlain by Kinsman
 quartz monzonite (Williams and Billings 1938).
 Two basins occur in a notch at 1275 m on the west
 flank of Mt. Lafayette (4410' N, 7140' W). The smaller
 basin (0.14 ha) - 50 m northwest of Eagle Lake has a
 small pool of water surrounded by peat (Eagle Lake
 Bog). The watershed is small, <10 times the size of
 the site, and has gradual slopes rising only 10 m above
 the bog surface. Like Kinsman Pond, 6.5 km to the
 southeast across Franconia Notch, Eagle Lake Bog is
 underlain by Kinsman quartz monzonite (Williams and
 Billings 1938). Eagle Lake Bog is 110 m below treeline,
 surrounded by subalpine forest trees barely 2 m high,
 with stunted and flagged trees common on exposed
 ridges near the bog. Fir and black spruce are common
 in the boggy areas.
 Deer Lake Bog (44002' N, 71019' W) is a Sphagnum
 bog at 1325 m, with a very small pool of water on its
 northeastern edge. The bog (0.09 ha) is in the middle
 of a large area of impeded drainage located in the col
 between Mt. Moosilauke and Mt. Jim. Subalpine fir
 forest with black spruce grows in the shallow Sphag-
 num peat of this poorly drained area, while fir forest
 7.5 m tall also grows on uplands around the bog.
 Treeline is 115 m above the site. The bedrock under-
 lying Deer Lake Bog and the surrounding slopes is
 composed of interbedded quartzite and mica schist of
 the Littleton Formation (Billings 1937).
 Two lake basins (44?16' N, 71019' W) lie 1.7 km
 southwest of the summit of Mt. Washington in the
 alpine zone 75 m above treeline. The core (see Field-
 work, below) is from Lake of the Clouds, the larger of
 the two basins (0.43 ha) at 1542 m. The 15-ha wa-
 tershed is long and narrow, extending northeast from
 the lake to an elevation of 1676 m, and contains several
 springs (Buchanan 1975). The bedrock underlying Lake
 of the Clouds is the same as that at Deer Lake Bog:
 interbedded quartzite and mica schist of the Littleton
 Formation (Billings et al. 1946). Patches of fir and black
 spruce krummholz grow around their shores. Dwarf-
 shrub heath with Vaccinium uliginosum, Vaccinium
 vitis-idaea, Ledum groenlandicum, Kalmia polifolia,
 and dwarf birch (Betula glandulosa), and snowbank
 vegetation with Houstonia caerulea var. faxonorum
 and Veratrum viride are also common around the lake
 (Bliss 1963).
 Low-elevation sites (< 1100 m)
 Davis and Shane (M. B. Davis, personal commu-
 nication) have studied the fossil record in lake sedi-
 ment from sites in the northern hardwood and spruce-
 fir forests on the lower slopes (Fig. 1). I have included
 summaries of the results from two of these sites, Lone-
 some Lake (900 m) and Lost Pond (650 m).
 Fieldwork
 The sediment cores were taken from a raft with a
 modified Livingstone sampler (5 cm in diameter). Sur-
 face cores with well-preserved mud-water interfaces
 were collected in plastic tubes (2.5 cm in diameter, I
 m in length) with pistons (Wright et al. 1965). Deer
 Lake Bog was sampled from the bog mat. Peat samples
 were collected from a cleaned face of a pit 80 cm deep.
 Below 80 cm the peat was humified enough to collect
 with a Livingstone sampler. The upper peat was re-
 sampled with a Russian peat sampler (Jowsey 1965).
 Moss polsters were collected in east-west transects
 across the subalpine and alpine zones of three moun-
 tain peaks, Mt. Moosilauke, Mt. Lafayette, and Mt.
 Washington (Table 1). At designated elevations several
 clumps of moss were collected from a small area and
 the vegetation was sampled in a 2 x 5 m relev& (Muller-
 Dombois and Ellenberg 1974). The position of treeline
 and the presence of patches of krummholz were also
 recorded along each transect. The vegetation around
 the four coring sites was also sampled with 2 x 5 m
 releves.
 Laboratory techniques and
 pollen analysis
 The Troels-Smith system of sediment characteriza-
 tion (Troels-Smith 1955) was used to describe the sed-
 iment. Samples from fresh cores were taken for pollen
 analysis and for loss-on-ignition determination with
 1 -mL volumetric spoons. The loss-on-ignition samples
 were dried for 24 h at 1 10C and ashed for 2 h at 5500
 (Dean 1974). Seventeen samples were carefully re-
 moved from the cores, scraped to remove surface con-
 tamination, and sent to various radiocarbon labora-
 tories for dating (Table 2).
 Sediment samples were prepared for pollen analysis
 using the procedures of Faegri and Iversen (1975) and
 Cwynar et al. (1979). To determine the volume con-
 centration of pollen and spores, a known amount of
 exotic Eucalyptus pollen was added to each sample
 (Stockmarr 1971). The conventions used in categoniz-
This content downloaded from 50.0.30.25 on Wed, 21 Aug 2019 22:44:04 UTC
All use subject to https://about.jstor.org/terms
 130 RAY W. SPEAR Ecological Monographs
 Vol. 59, No. 2
 TABLE 1. Moss polsters collected in east-west transects across the subalpine asnd alpine zones of the indicated mountains.
 Elevation above or
 No. Mountain Elevation (m) Vegetation type below treeline
 1 Mt. Moosilauke 1402 west fir krummholz just below treeline
 2 Mt. Moosilauke 1410 west dwarf shrub heath-rush* 8 m above treeline
 3 Mt. Moosilauke 1463 west dwarf shrub heath-rush 61 m above treeline
 4 Mt. Moosilauke 1463 east snowbank community* 31 m above treeline
 5 Mt. Moosilauke 1432 east glade-fir krummholzt at treeline
 6 Mt. Lafayette 1219 west subalpine fir forest 186 m below treeline
 7 Mt. Lafayette 1372 west subalpine fir forest 33 m below treeline
 8 Mt. Lafayette 1524 west dwarf shrub heath* 119 m above treeline
 9 Mt. Lafayette 1584 west sedge-rush dwarf shrub heath* 179 m above treeline
 10 Mt. Lafayette 1584 east snowbank community 84 m above treeline
 11 Mt. Lafayette 1524 east dwarf shrub heath-rush 24 m above treeline
 12 Mt. Lafayette 1493 east fir krummoholz 7 m below treeline
 13 Mt. Washington 1372 west subalpine fir forest 90 m below treeline
 14 Mt. Washington 1494 west dwarf shrub heath 32 m above treeline
 15 Mt. Washington 1557 west sedge meadow* 93 m above treeline
 16 Mt. Washington 1905 west sedge meadow 443 m above treeline
 17 Mt. Washington 1905 east sedge meadow 380 m above treeline
 18 Mt. Washington 1676 east dwarf shrub heath-rush 151 m above treeline
 19 Mt. Washington 1372 east alder thicket 153 m below treeline
 * Plant communities recognized by Bliss (1963).
 t Vegetation type recognized by Reiners and Lang (1979).
 ing the pollen and spores follow those of Cushing (1963)
 and Birks (1976). Taxon names are after Fernald (1950).
 At least nine different species of birch are currently
 found in New England and could be represented in the
 pollen assemblages. In the White Mountains, the three
 most important species of birch are dwarf, paper, and
 yellow birch. I measured the diameter of all birch grains
 from 14 samples at Lake of the Clouds and used a 20-
 ,m cutoff to separate shrub (dwarf) from tree birch
 (Ives 1977). The two bottom histograms on Fig. 12
 give measurements of 50 grains from fossil birch an-
 thers. These two samples indicated the variation in
 grain size from a single individual.
 Three species of alder, Alnus crispa, Alnus rugosa,
 and Alnus serrulata are found in New England today.
 Green alder (Alnus crispa) pollen can be separated from
 Alnus rugosa and Alnus serrulata pollen by pollen mor-
 phology (Bryan 1954, Cushing 1963).
 The pollen sum, which includes all terrestrial taxa
 including fern and Lycopodium spores, was usually be-
 tween 350 and 500. For the pollen data from surface
 samples below treeline the mean percentages are based
 TABLE 2. Radiocarbon dates of samples removed from sediment cores.
 Coring site Depth of core sample (cm) Sample code Radiocarbon age (yr BP)
 Kinsman Pond 50-60 GX-6052 220 ? 130
 280-293 GX-5604 8830 ? 165
 310-315, 320-337, 305-331.5* 1-10, 685 4490 ? 95t
 Eagle Lake Bog 62-71.5 GX-6050 2760 ? 145
 297-307 GX-6051 7800 ? 190
 396-408 1-9907 9155 ? 145
 Deer Lake Bog 120-128 1-9905 1485 ? 75
 180-191 GX-5602 2790 ? 130
 257-268 GX-5603 6465 ? 205
 384-395 1-9906 8620 ? 215
 425-435 QL- 1134 10 960 ? 110
 463-488 QL-1133 13 000 ? 400
 Lake of the Clouds 281-292 (site B1) 1-9908 8785 ? 135
 28-41 (site C1) 1-10 681 225 ? 85
 139-151 (site C2) 1-10 682 7010 ? 115
 222-237 (site C2) 1-10 683 10 300 ? 165
 280-295, 300-315, 285-315t 1-10 684 11 530 ? 420
 (sites C2 and C3)
 * To obtain sufficient organic material for radiocarbon dating in these highly inorganic sediments, the bottoms of two cores
 were combined. The cores were taken < 1 m apart, and were correlated by pollen analysis before dating.
 t This date was discarded. Not only is this sample significantly younger than sediment above it, but spruce pollen is a
 prominent type in the pollen assemblage. In New Hampshire, spruce is no longer an important component of the pollen sum
 by around 1O 000 yr BP.
 t As at Kinsman Pond, the bottoms of two cores were sent for radiocarbon dating.
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 on the 7 moss polsters at or just below the limit of
 continuous krummholz and the surface samples of four
 ponds in the subalpine fir forest (Table 3). The surface
 sample from Lake of the Clouds Bog plus 11 moss
 polsters are the basis of the mean percentages above
 treeline (Table 3). Pollen/spore taxa that are over-rep-
 resented in particular moss polster samples have been
 removed from the pollen sum. These include Grami-
 neae, Polypodiaceae, Alnus, and c.f. Spiraea latifolia.
 A taxon was considered over-represented when it cov-
 ered a significant portion of the relev& (> 10%) and its
 pollen/spores were present in unusually high propor-
 tions (20% or more) in the polster sample.
 After the radiocarbon and pollen samples were tak-
 en, 2.5-cm lengths of core were removed for macro-
 fossil analysis. After the potentially contaminated out-
 er surface was removed, the sample was heated for 2
 h in soapy water to disaggregate the sediment, then
 gently washed through a set of three United States
 Standard Series Sieves (595-, 250-, and 90-Am mesh,
 respectively). The coarse fraction was examined under
 12 x magnification and the medium fraction under 25 x
 magnification. Plant and some animal fragments were
 picked from the sample and preserved in a drop of
 glycerin. The minimum needle number is the lowest
 number of needles represented by the needle fragments
 and twigs in a sample (Delcourt 1978). Seeds of yellow/
 black birch (Betula lutealB. lenta) type, paper birch,
 and dwarf birch can all be distinguished in well-pre-
 served material (Cunningham 1957).
 RESULTS
 Comparison of modern pollen and
 vegetation data
 Vegetation. -Vegetation data from 10-M2 releves
 were collected at most of the sampling sites and modern
 pollen and macrofossil assemblages were compared to
 the local vegetation. The only trees in the subalpine
 zone releves were fir, heart-leaved paper birch, red
 spruce, and black spruce. The spruce is of minor im-
 portance. Red spruce is occasionally found in the lower
 elevations of the subalpine fir forest and black spruce
 occurs near treeline in the Presidential Range. Moun-
 tain ash (Pyrus americana) occurs in the subalpine fir
 forest (Reiners and Lang 1979), but was not present in
 any of the relev6s. Skunk currant, Ribes glandulosum,
 is one of the few shrubs in the subalpine fir forest.
 Ericaceous shrubs common to the alpine zone occur if
 there is an opening in the forest canopy.
 The herbaceous vegetation in the subalpine fir forest
 is abundant but relatively monotonous. Approximate-
 ly three-quarters of the releves sampled had significant
 coverage of Dryopteris spinulosa and Oxalis montana.
 Other boreal forest herbs, such as Coptis groenlandica,
 Clintonia borealis, and Maianthemum canadense, oc-
 curred in a large number of releves (40%) (Spear 1981).
 Krummholz and shrubs are common in the alpine zone.
 The krummholz species are fir, heart-leaved paper birch,
 and black spruce. Dwarf birch is abundant at Lake of
 the Clouds and green alder, Alnus crispa, is common
 on the east slope of Mt. Washington. Numerous eri-
 caceous shrubs are found in the alpine zone. Three of
 the most abundant shrubs are Vaccinium uliginosum,
 Vaccinium vitis-idaea, and Ledum groenlandicum. The
 alpine zone has abundant herbaceous vegetation.
 Among the most common herbs are Carex bigelowii,
 Juncus trifidus, Arenaria groenlandica, and Lycopo-
 dium selago, which occurred in over one-third of the
 alpine relev6s. Herbs found in the fir forests below
 treeline are also found in the alpine zone, especially
 around patches of krummholz.
 Pollen. -Surface samples demonstrated that pollen
 assemblages from sites in the subalpine forest can be
 distinguished from those in the alpine meadow (Table
 3). Five taxa-Ericaceae, Cyperaceae, Caryophylla-
 ceae, Lycopodium selago, and Houstonia caerulea var.
 faxonorum-have pollen or spores that were found
 almost exclusively in the alpine moss polsters (Table
 3). Plants from these taxa rarely occurred in releves
 below treeline and almost never left a pollen/spore
 record in subalpine samples (Fig. 2). The only moss
 polster outside the alpine zone that contained > 1% of
 these indicators was number 13, 90 m below treeline
 on the west slope of Mt. Washington, from the bank
 of a stream that forms the headwaters of the Ammo-
 noosuc River. Many alpine plants have lower altitu-
 dinal limits along the stream's rocky banks.
 The pollen assemblages from the subalpine fir forest
 and the alpine zone showed some subtle differences.
 There is more fir pollen below treeline than above (Fig.
 2). This trend is particularly evident in the mean pollen
 percentages of the moss polsters (Table 3). Fir pollen
 percentages average 6.0% below treeline and 2.10% above
 treeline. Although the average percentages of spruce,
 birch, and Alnus are higher above treeline than below,
 the differences are not statistically significant. The av-
 erage percentages of lowland trees in subalpine and
 alpine assemblages are nearly identical. Lycopodium is
 a prominent herbaceous genus in the vegetation near
 treeline (Fig. 2). Its percentages are highest at treeline
 and in the lower alpine zone. This distribution corre-
 lates fairly well with its distribution in the vegetation.
 Ragweed (Ambrosia), a lowland weed, was not found
 in any of the releves and is not known to grow in either
 the subalpine or alpine zones. Its presence in the pollen
 assemblages must result from distant transport.
 A comparison of the mean percentages of the seven
 polsters below treeline with the mean percentages for
 the four ponds below treeline shows distinct differences
 in spectra between the two types of sites (Table 3).
 Generally, the ponds show a more regional pollen rain
 with more spruce and lowland trees than do the sub-
 alpine polsters. These results are similar to the results
 of the surface sample studies of Ritchie (1974) and
 Birks (1977) at treeline. In contrast, pollen percentages
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 TABLE 3. Percentages of pollen of various taxa in surface samples from Mt. Washington, Mt. Lafayette, and Mt. Moosilauke.
 Moss polsters Pond
 Below Above Below Lake of
 Taxon treeline treeline treeline* the Clouds
 Percentage of pollen sum
 Picea Mean 1.6 2.4 5.0 5.2
 Range 0.5-2.1 0.7-4.0 2.4-7.9
 Abies Mean 6.0 2.1 4.0 2.1
 Range 3.5-11.9 0.2-3.5 3.3-5.1
 Betula Mean 46.0 49.8 44.6 48.2
 Range 37.4-56.7 41.1-56.8 40.5-47.9
 Alnus Mean 2.0 2.8 0.8 2.8
 Range 0.7-3.3 1.0-6.7 0.3-1.4
 Pinus Mean 8.2 8.2 6.9 6.7
 Range 5.0-13.4 4.9-13.1 4.2-8.0
 Tsuga Mean 2.4 2.9 5.1 4.6
 Range 1.3-2.8 1.57-5.40 3.5-5.9
 Quercus Mean 4.0 3.4 4.4 3.4
 Range 2.3-6.3 1.2-6.4 2.4-6.5
 Fagus Mean 4.2 4.6 8.0 5.3
 Range 2.4-5.7 1.4-7.5 6.8-10.2
 Acer Mean 2.0 1.6 2.0 0.7
 Range 0.8-3.5 0.3-3.0 0.7-4.1
 Ulmus Mean 1.4 1.0 1.1 0.2
 Range 1.0-1.9 0-2.1 0.5-1.6
 Other trees Mean 3.6 3.6 4.7 3.6
 Range 1.8-6.7 1.5-7.0 2.2-6.4
 1 Lowland trees Mean 25.8 25.3 32.2 24.5
 Range 14.4-37.4 19.5-32.2 27.2-39.2
 Salix Mean 0.4 0.2 0.2 0.7
 Range 0-1.1 0-0.5 0-0.5
 Al vrica Mean 0.3 0.2 0.2 0
 Range 0-0.8 0-0.6 0-0.4
 Ericaceae Mean 0.1 0.5 0.1 0.5
 Range 0-0.5 0-1.3 0-0.3
 Gramineae Mean 3.1 3.3 1.8 4.4
 Range 1.1-8.7 1.4-7.6 0.7-2.7
 Cyperaceae Mean 0.2 1.5 0.6 1.4
 Range 0-0.9 0-6.1 0-1.7
 Caryophyllaceae Mean 0.1 1.3 0 0
 Range 0-0.4 0-5.0 0 0
 Polypodiaceae Mean 1.9 1.2 5.7 1.8
 Range 0.7-6.9 0-2.4 0.8-16.4
 Total Lvcopodium Mean 2.3 3.0 0.6 2.1
 Range 0.9-6.4 0.4-5.0 0.3-1.3
 Lpcopodium se/ago Mean 0 0.4 0 0.2
 Range 0-2.3 0
 Ambrosia Mean 6.4 3.9 1.7 3.4
 Range 2.4-14.5 1.9-10.1 0.22-2.4
 Total herbs Mean 18.1 16.5 12.5 15.8
 Range 9.8-24.1 10.1-22.7 8.6-21.0
 Long-distance transport Mean 32.0 29.0 33.8 28.2
 (E lowland trees plus Ambrosia) Range 20.0-42.3 21.3-35.9 24.0-41.3
 * Ponds below treeline: Kinsman Pond 1140 m, Garfield Pond 1165 m, Eagle Lake Bog 1275 m, and Red Pond 1350 m.
 from surface sediments at Lake of the Clouds, above
 treeline, are remarkably similar to the average per-
 centages from the 11 alpine moss polsters (Table 3).
 These results are preliminary and should not be indis-
 criminately applied to other regions; however, the five
 taxa that distinguish the alpine samples (Ericaceae,
 Cyperaceae, Caryophyllaceae, Lycopodium selago, and
 Houstonia caerulea var. faxonorum) should be indic-
 ative of treeless open conditions in the fossil pollen
 record of the White Mountains.
 Plant macrofossils. -Analyzing plant fragments in
 surface sediment samples reveals how well the local
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 vegetation is represented in lake sediment (Dunwiddie
 1987). Spruce needle fragments are over-represented
 in the sediment record in the White Mountains. Needle
 fragments from krummholz spruce and fir dominate
 the macrofossil record at "lower" Lake of the Clouds
 (1 5 5 1 m). Although the relev& data collected at the site
 show that spruce is much less abundant than fir, spruce
 needle fragments are nearly as abundant as fir in the
 sediment. Hermit Lake (1200 m), a small pond just
 outside Tuckerman Ravine (a large cirque 1.5 km
 southeast of the summit of Mt. Washington) is in a red
 spruce-balsam fir forest with occasional black spruce
 (Teeri 1968). The importance value for spruce in the
 Hermit Lake forests is 5%; for fir it is 80% (M. B. Davis,
 personal communication). Spruce needle fragments are
 10 times as abundant as those from fir in Hermit Lake
 sediment. Surface sediments from Spaulding Pond
 (1300 m), a small lake located on the floor of the Great
 Gulf cirque 1.6 km northeast of the summit of Mt.
 Washington, have green alder seeds. Green alder and
 black spruce are found at Spaulding Pond and are par-
 ticularly common at treeline in the subalpine fir forest
 along the eastern flank of the Presidential Range today.
 Green alder should leave a clear record in macrofossil
 assemblages.
 Study sites
 With my major focus on local and high-elevation
 vegetation, I have presented summary diagrams for
 each site with only the taxa represented that have been
 important in the history of high-elevation vegetation.
 (All diagrams are plotted on a time scale constrained
 by available radiocarbon dates [Table 2 and Fig. 3].) I
 have presented complete pollen and macrofossil dia-
 grams for only one representative site, Deer Lake Bog
 (Figs. 4 and 5) and used these diagrams to describe the
 regional vegetation history for central New Hampshire
 forests. On the summary diagrams, I included only
 three arboreal taxa: spruce, fir, and birch. Species be-
 longing to these taxa, along with Alnus, also grow as
 shrubs and krummholz. These taxa are represented by
 one or more species in the subalpine and alpine floras
 of today. A number of herbaceous and shrubby taxa
 are included either separately or grouped together as
 Nonaboreal Taxa on the summary diagrams. The Non-
 aboreal Taxa consist of the sum of percentages from
 nine taxa. Four of the taxa-Artemisia, Gramineae,
 Salix, and Tubuliflorae-have species found in tundra
 today. Richard (1977) states that these taxa, among
 others, are characteristic of the late-glacial "tundra" of
 southern Quebec. An additional five taxa-Caryophyl-
 laceae, Cyperaceae, Ericaceae, Lycopodium selago, and
 Houstonia caerulea -are those identified as being com-
 mon in modern alpine/tundra pollen spectra.
 Deer Lake Bog sedimentation record. - Sediments at
 Deer Lake Bog are dated by radiocarbon dates (Table
 2) and at two levels by pollen stratigraphy (i.e., cor-
 relations). The abrupt decline in hemlock pollen at 205
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 cm is similar to that seen at other sites in the Northeast
 and has been dated at 4800 yr BP (Davis 198 la). The
 peak in cultural pollen types at 55 cm corresponds to
 the major logging around Mt. Moosilauke 75 yr ago
 (Brown 1958). Ages and sedimentation rates at Deer
 Lake Bog were determined graphically because a sim-
 ple curve did not fit through all the points and attempts
 to fit polynomial regressions to the dates were unsuc-
 cessful (Fig. 3).
 Before 10 300 yr BP the pollen record is the sole
 source of information on vegetation at Deer Lake Bog
 (Figs. 5 and 6) because no macrofossils are found in
 sediments deposited before then. Sedimentation seems
 to have been relatively constant throughout this period,
 and the pollen influx data can be interpreted as indic-
 ative of changes in the vegetation. After 8500 yr BP
 irregular rates of sedimentation during basin infilling
 make pollen influx values highly variable and therefore
 less sensitive to vegetation changes (Davis and Ford
 1982, Davis et al. 1984).
 Deer Lake Bog regional pollen record. -The per-
 centage pollen diagram (Fig. 4) illustrates the changes
 in the regional vegetation that grew mainly below 1200
 m in the White Mountain region (Fig. 1). Several im-
 portant stratigraphic features reflect vegetational
 changes (Fig. 4): (1) the rise in spruce pollen percentages
 at 11 500 yr BP and their decline around 10 000 yr ago
 and a second rise in the last 2000 yr; (2) the sharp peak
 (28%) in green alder pollen 10 500 yr ago; (3) the rise
 in birch pollen percentages immediately after the alder
 peak; (4) the rise of white pine (Pinus haploxylon type)
 percentages around 9500 yr ago; (5) the increase in
 percentages of hemlock pollen 8500 yr ago, their abrupt
 decline 4800 yr ago, and subsequent slow recovery;
 and (6) the increase in beech pollen percentages 6500
 yr ago. These features are similar to those seen in other
 New England diagrams (Davis 1983, 1985, R. Davis
 and Jacobson 1985, Gaudreau and Webb 1985, An-
 derson et al. 1986).
 From 14 000 to 12 000 yr BP the records at Deer
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 Lake Bog and other sites (Davis 1985, Davis and Ja-
 cobsen 1985) indicate that herb/shrub tundra covered
 the central New Hampshire landscape. Woodlands of
 poplar (balsam poplar according to Davis and Jacob-
 son 1985), spruce, jack pine and later including fir
 became established after 12 000 yr BP. Spruce was
 undoubtedly a dominant tree in the mixed woodland
 forest. Trees of lesser importance in the forest were
 elm, larch, hophornbeam/ironwood, ash, maple, and
 oak. The dramatic decline of spruce followed by an
 increase in green alder for a brief period and then birch
 populations indicate the unstable, transitional nature
 of the forests 1O 000 yr ago. The timing of this tran-
 sition at Deer Lake Bog fits well within the boundaries
 of 11 000-9000 yr BP established for this pattern in
 the Northeast by Gaudreau and Webb (1985). The
 occurrence and abundance of alder is highly variable
 throughout the East. At Deer Lake Bog it occurs over
 a shorter time interval and is more abundant than at
 other sites. Alder is a nitrogen fixer and can greatly
 enrich the soil (Crocker and Major 1955). For this
 reason Davis (1983) and Gaudreau and Webb (1985)
 speculate on its significance to forest development in
 New England. Populations of white birch trees expand
 after those of alder decrease (Jackson 1983, M. B. Da-
 vis, personal communication).
 By 9500 yr BP populations of white pine expanded
 in central New England (Likens and Davis 1975, Davis
 1983) and pine forests became established. The com-
 position of the lowland forests changed greatly over
 the next 3500 yr as pine populations decreased and
 populations of northern hardwood taxa increased.
 Hemlock and beech trees increased in abundance 8000
 and 6500 yr ago, respectively. The mixed conifer/hard-
 wood forest of New England became established by the
 end of this time. The decline in hemlock populations
 at 4800 yr BP (Davis 1981a, Webb 1982, Allison et
 al. 1986) altered the composition of the conifer/hard-
 wood forest for a period of 2000 yr until hemlock
 populations gradually recovered. The expansion of
 spruce populations due to more favorable climatic con-
 ditions is apparent in the record at Deer Lake Bog and
 fits in with the general expansion of spruce populations
 during the last 2000 yr in the Northeast (Webb et al.
 1983, Gaudreau and Webb 1985, Webb 1986).
 Besides providing a record of local upland vegeta-
 tion, the macrofossil diagram (Fig. 5) gives details on
 the process of infilling of the Deer Lake Bog basin. The
 maximum numbers of macrofossils from aquatic plants
 occur before 4000 yr BP. Isoetes muricata megaspores
 reach 651 at 5925 yr BP and Potamogeton seeds num-
 ber 1 1 1 at 4650 yr BP. Seeds from Potamogeton, mega-
 spores of Isoetes, and ephippia of Daphnia are all found
 until - 1500 yr BP. After 4000 yr BP the numbers of
 macrofossils from taxa with paludal types such as Cyp-
 eraceae, Juncus, Glyceria, Callitriche, and Spargani-
 um, increase. The pollen and seeds of sedges (Cyper-
 aceae) are abundant from 2700 to 1000 yr BP as sedge
 peat filled the basin. Grass seeds from Glyceria are also
 abundant in this period, although little Gramineae pol-
 len is seen in the record. Once the Sphagnum peat mat
 developed, the concentration of all macrofossils drops
 except for those of the Ericaceae family. In addition to
 the 203 Chamaedaphne calyculata seeds, 20 Ericaceae
 anthers were found at 625 yr BP. Ericaceae pollen is
 below 1% during the time of Sphagnum peat deposi-
 tion.
 Deer Lake Bog local pollen and macrofossil record. -
 The summary diagrams at Deer Lake Bog provide a
 clearer illustration of the changes occurring at higher
 elevations. The first 2200 yr of deposition (14 000-
 11 750 yr BP) were characterized by extremely low
 pollen influx (< 1000 grains cm--2. yr- '). Grass reached
 a maximum of 7%, but its pollen influx was only 22
 grains cm-2 yr- I (Fig. 6). Much of the pollen rain was
 undoubtedly from taxa growing a considerable distance
 away. Spruce pollen averaged 12.5%, while that of pine
 was higher, 17.5%. Birch values were especially high
 in the bottom sample, 15%. Pollen grains from ther-
 mophilous trees such as white pine, hemlock, sugar
 maple, red maple, elm, and oak were also found in
 these bottom samples. In fact, oak averaged 8.5% in
 the early assemblages.
 At the start of the interval from 11 750-10 300 yr
 BP, total pollen influx had increased to ; 2000 grains -
 cm-2. yr- l. Spruce pollen reached a maximum of 22.6%
 and influx a maximum of 840 grains cm-2-yr-I at
 10 900 yr BP. Fir pollen remained < 1% throughout
 this interval. Pollen influx from Artemisia, Caryophyl-
 laceae, Gramineae, Cyperaceae, Juniperus!Thuja, and
 Salix pollen all reached maximum values at 10 900 yr
 BP.
 Plant macrofossils including spruce needle fragments
 (Fig. 6) first appeared at the start of the interval 10 300-
 9000 yr BP. Spruce macrofossils (red/black spruce on
 the basis of resin ducts [Durrell 1916]) reached their
 highest concentration, 46 needles/50 cm3 at 9950 yr
 BP as spruce pollen percentages fell below 5%. By 9650
 yr BP the number of spruce needle fragments declined
 to the lower values of Holocene levels. Fir needles were
 found in the sample at 9650 yr bOt were absent in the
 sample at 9100 yr. Peak percentages of Lycopodium
 spores, 3.3%, are close to modern values found in the
 surface samples of ponds and moss polsters above tree-
 line. One Potentilla tridentata seed was found in sed-
 iment dating from 9650 yr BP.
 After 9000 yr BP the numbers of fir needles do not
 appear to increase until 8550 yr BP (Fig. 6), but this
 is perhaps an artifact. (Sediments from 9100-8550 yr
 BP were sent for radiocarbon dating and not sampled
 for macrofossils.) Relative proportions of fir pollen re-
 mained constant, 1-2%, until 1000 yr BP, when fir trees
 began growing on the bog mat. The macrofossil record
 of fir was also continuous for the last 9000 yr. Fewer
 macrofossils were deposited during the last thousand
 years of peat deposition. The regional rise in spruce
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 FIG. 4. Pollen percentage diagram for Deer Lake Bog.
 pollen percentages during the last several thousand years
 is seen in the Deer Lake Bog record, and is particularly
 evident after 1000 yr BP. Spruce pollen reached 12%
 175 yr ago, and 50 yr ago needle concentrations reached
 6/50 cm3.
 Kinsman Pond and Eagle Lake Bog sedimenta-
 tion. - Deposition time and estimated ages of sediment
 samples from the Kinsman Pond cores are derived
 from curves fitted by a polynomial regression (Dixon
 1973) and graphical methods to five date levels (Fig.
 3). The polynomial is fitted to four points, two radi-
 ocarbon-dated lake-sediment samples (Table 2) and
 two pollen-dated levels. The increase of beech pollen
 at 170 cm in the sediment represents beech's first ap-
 pearance in central New Hampshire, dated at 6500 yr
 BP at Deer Lake Bog and Mirror Lake (Likens and
 Davis 1975). The other pollen-dated level is at 22.5
 cm and has higher percentages of weed and herb pollen.
 This increase indicates cultural disturbance, mainly in-
 tensive logging, which began 100 yr ago (Chittenden
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 FIG. 5. Macrofossil diagram for Deer Lake Bog.
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 1905, Brown 1958). Sedimentation below the oldest
 radiocarbon date is estimated by correlation of the
 pollen sequence with radiocarbon-dated sites. The
 deepest pollen-bearing sediments in Kinsman Pond
 contain pollen assemblages characteristic of those de-
 posited at other sites from 10 500 to 11 000 yr BP. The
 well-dispersed regional pollen types, white pine (Pinus
 haploxylon-type), hemlock, and birch are the best
 stratigraphic markers (See Fig. 4). White pine pollen
 percentages in the bottom three samples increase from
 0.4% at 320 cm to 2% at 310 cm and 6% at 300 cm.
 No hemlock pollen is found at these three levels. Be-
 tween 3 10 and 300 cm birch percentages increase from
 11 to 46%. In addition, the two basal levels, 320 and
 3 10 cm, have high pollen percentages of spruce (21.5%)
 and herbaceous taxa: Cyperaceae (18.2%), Artemisia
 (6%), and Caryophyllaceae (1%).
 The age vs. depth plot for Eagle Lake Bog includes
 four points, three radiocarbon-dated levels (Table 2),
 and the origin. Since a polynomial regression does not
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 satisfactorily fit these points, the ages and sedimenta-
 tion rates at Eagle Lake Bog are derived graphically
 (Fig. 3). As at Kinsman Pond, sedimentation for the
 lowest and post-European settlement levels are deter-
 mined from straight lines. Sediment between 402 and
 415 cm is gray silt, and dates from 10 500 to 10 000
 yr BP. The sedimentary record at Eagle Lake Bog is a
 little shorter than at Kinsman Pond. White pine pollen
 percentages increase from 2% at 415 cm to 8% at 407
 cm. At the same time birch percentages increase from
 14 to 46%. Trace amounts of hemlock pollen, -0.5%,
 are found at both levels. There are also traces of her-
 baceous taxa: 2.3% Cyperaceae and 0.3% Artemisia
 pollen.
 Sedimentation at the three sites in Franconia Notch
 was delayed after the regional ice retreat. Below 320
 cm at Kinsman Pond, 17 cm of gray silt and fine sand
 were deposited. This sediment is barren of pollen and
 has very low percentages of organic matter (<2%).
 Lonesome Lake, at an elevation of 900 m on the same
 mountain slope 2.6 km east of Kinsman Pond (Fig. 1),
 has a similar pollen record (M. B. Davis, personal com-
 munication). The oldest radiocarbon date at Lonesome
 Lake is 10 610 ? 310 yr BP on a 20 cm long segment,
 345-365 cm. The bottom pollen sample at 370 cm
 must be equivalent in age to that at Kinsman Pond.
 Sedimentation at Eagle Lake Bog began several hundred
 years later.
 Kinsman Pond and Eagle Lake Bog pollen and mac-
 rofossil record. -I dated the 300-cm level at Kinsman
 Pond and the 407-cm level at Eagle Lake Bog by pollen
 stratigraphy at 9700 yr BP. The macrofossil record at
 Kinsman Pond began at 9750 yr BP (Fig. 7). A single
 charred spruce needle base was found at this level. The
 macrofossil assemblage in the next sample, from 9650
 yr BP, contained abundant spruce and fir needles and
 a few birch seeds. The first appearance of macrofossils
 in Kinsman Pond sediment coincided with a change
 from inorganic silt and clay to gyttja. Loss-on-ignition
 values changed from 12.5 to 40% (Fig. 3). Sediment
 at Eagle Lake Bog also became markedly more organic
 at 9700 yr BP, when percent loss-on-ignition increased
 from 3 to 62% (Fig. 3). In contrast, at Deer Lake Bog
 and Lake of the Clouds, the first rise in organic matter
 and the first macrofossils occurred >500 yr earlier,
 indicating that the watersheds were stabilized by vege-
 tation by 10 300 yr BP.
 The largest number of spruce macrofossils was de-
 posited between 9750 and 8500 yr BP at both sites.
 The highest spruce needles number is 29 needles/50
 cm3 at Kinsman Pond and 17 needles/50 cm3 at Eagle
 Lake Bog (Figs. 7 and 8). While these numbers are
 much smaller than those at either Deer Lake Bog or
 Lake of the Clouds, they are far above the average
 Holocene values of 3 needles/50 cm3 at Kinsman Pond
 and 4 needles/50 cm3 at Eagle Lake Bog. In fact at
 Kinsman Pond, no spruce macrofossils were found in
 four samples spanning an interval of 1500 yr from 8500
 to 6900 yr BP.
 The macrofossil record of fir at Kinsman Pond sug-
 gests that fir trees were more prevalent in the forest
 after 5000 yr BP. Before 7000 yr BP, the average con-
 centration of fir needle fragments was 9 needles/50 cm3.
 After 7000 yr BP, the average was 27 needles/50 cm3.
 The concentration of macrofossils of reproductive parts
 of fir, seed wings, seeds, and pollen sacs increased after
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 FIG. 7. Summary pollen and macrofossil diagram, Kinsman Pond.
 5000 yr BP, as did fir pollen percentages. At Eagle Lake
 Bog (Fig. 8), the record of fir is more ambiguous. The
 sample at 8900 yr BP contained charred macrofossils;
 nearly half of the spruce and fir needle fragments and
 all those of white pine were burned.
 Needle fragments of larch and a few pollen grains
 are found at Kinsman Pond, Eagle Lake Bog, and Deer
 Lake Bog at around the 9000 yr BP level. There were
 never more than 2 needles/50 cm3 and no more than
 one or two pollen grains, < 1/%, are found at any level.
 Green alder pollen was more abundant from 10 000
 to 5000 yr BP at both Kinsman Pond and Eagle Lake
 Bog than at either Deer Lake Bog or Lake of the Clouds.
 At Kinsman Pond, green alder pollen remained > 5%
 and pollen influx exceeded 1000 grains- cm-2 yr- I from
 9500 to 6200 yr BP. Several seeds and one anther were
 found in this interval. At Eagle Lake Bog, similar per-
 centages and influx were found from 8800 to 5300 yr
 BP. There were no other indications in the fossil record
 of changes in the local forest composition. Seeds of
 Potentilla tridentata occurred in three levels at Eagle
 Lake Bog, 9050, 8900, and 3925 yr BP. They are prob-
 ably from plants growing in open areas on the exposed
 ridges near the site.
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 FIG. 8. Summary pollen and macrofossil diagram, Eagle Lake Bog.
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 FIG. 8. Summary pollen and macrofossil diagram, Eagle Lake Bog.
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 LAKE OF THE CLOUDS 1977 (Core A)
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 FIG. 9a. Summary pollen and macrofossil diagram, Lake of the Clouds 1977 (Core A).
 Lake of the Clouds sedimentation. -Lake of the
 Clouds has a complex pattern of sedimentation. Sev-
 eral coring trips were made before a complete sedi-
 mentary record was obtained from the lake. Unfor-
 tunately, no one sequence contains the complete record
 since deglaciation. Pollen stratigraphy was used to cor-
 relate the 1976 and 1977 cores. For the 1976 (Fig. 3)
 core a polynomial regression is fitted to five points, the
 origin, the rise in spruce pollen at 40 cm (estimated at
 2200 yr BP by correlation with the radiocarbon-dated
 1977 core), the decline in hemlock pollen at 110 cm
 (dated at 4800 yr BP by regional correlation), the rise
 in Isoetes microspores at 180 cm (7000 yr BP, again
 by correlation with the radiocarbon-dated pollen stra-
 tigraphy of the 1977 core), and the basal radiocarbon
 date.
 A second-order polynomial was fitted to four points
 on a plot of age vs. depth for the 1977 core (Fig. 3).
 One of the points is the hemlock decline of 4800 yr
 BP, which occurs at 110 cm. The other three points
 are the radiocarbon dates (Table 2). The radiocarbon
 date of 11 530 ? 420 yr BP is on sediment between
 280 and 315 cm. Pollen assemblages in the lower por-
 tion of this section are similar to those at the base of
 Deer Lake Bog and probably date from approximately
 the same time, 13 000 yr BP.
 Lake of the Clouds pollen and plant macrofossils. -
 For at least 1200 yr after the retreat of the continental
 ice sheet from 13 000-11 700 yr BP, deposition of pol-
 len at Lake of the Clouds was extremely low (Fig. 9a)
 and no plant macrofossils were preserved. Vegetation
 was undoubtedly sparse at high elevations. The sum-
 mary diagram, Fig. 9a, shows that the percentages of
 trees and shrubs that could have grown at high ele-
 vations were low (spruce 1 5%, birch 10-1 2%, and alder
 5%). Grass pollen reached peak percentages of 10%
 between 13 000 and 11 700 yr BP, much higher than
 those reached at either Deer Lake Bog or Lost Pond
 (M. B. Davis, personal communication). Percentages
 of Tubuliflorae, nearly 5%, were also higher than at the
 other two sites. Wormwood (Artemisia) pollen per-
 centages were also high in this interval, but lower than
 in the next period. Percentages of Caryophyllaceae pol-
 len increased through this period. Pollen percentages
 from other arboreal taxa illustrate the importance of
 pollen transport in the early assemblages. Percentages
 of pine reached 33%, over half of which can definitely
 be assigned to the Pinus diploxylon type. The small
 size of pine grains in the Pinus diploxylon group in-
 dicates that most of the grains were from jack pine
 (Pinus banksiana). Oak percentages averaged 7%, and
 pollen from thermophilous taxa such as Carya (0.4%)
 were found in the bottom sample. Pollen from both
 poplar and JuniperusIThuja were also relatively abun-
 dant (5 and 2%, respectively).
 Although macrofossils were lacking from the record
 for 11 750-10 300 yr BP, the sedimentation rate re-
 mained constant and pollen influx data (Fig. 9a) can
 be interpreted easily. Alpine tundra must have become
 established at high elevations. Spruce, fir, and alder all
 showed high percentages and influx values at this time.
 Spruce reached a maximum of 46% just prior to 11 000
 yr BP. By the end of the interval fir pollen reached 3%,
 while pollen of Alnus crispa peaked at 24%. From 1 1 750
 to 11 000 yr BP, peak percentages and influx of several
 herbs occurred, most particularly Artemisia and Car-
 yophyllaceae. Other herbs with high percentages from
 this interval were Gramineae (5%), Cyperaceae (8%),
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 FIG. 9b. Summary pollen and macrofossil diagram, Lake of the Clouds 1976 (Core B).
 Ambrosia (1%), and Tubuliflorae (2%). Their maxi-
 mum influx values occurred later at 10 900 yr BP. This
 level had the highest total influx of any in the late
 glacial. Other herbaceous taxa seen in this early period
 were Campanula, Armeria, and Polemonium. Only one
 or two of these grains were found, so it is not clear if
 they were growing locally or blown in from a distant
 source.
 From 11 000 to 10 300 yr BP, pollen percentages
 and influx of Artemisia and Caryophyllaceae decreased
 while the pollen influx of shrubs, JuniperuslThuja,
 Salix, and dwarf birch increased. The accumulation
 rate of inorganic material dropped dramatically. Ju-
 niperus/Thuja reached a maximum influx of 770 grains
 cm-2 yr-' at 10 900 yr BP, while maximum values of
 ,Salix (240 grains cm-2 yr-') and dwarf birch (3100
 grains cm-2 yr- ') occurred a little later, at 10 675 yr
 BP.
 Pollen influx in sediments from 10 000 yr ago to the
 present at Lake of the Clouds is difficult to interpret.
 The average pollen influx values at Lake of the Clouds
 during the peak period of pollen influx is at least 1.4
 times higher than lakes at low elevations or in the
 subalpine zone. Within-basin variation in pollen influx
 is illustrated by the two Lake of the Clouds cores (Figs.
 9a and b). Maximum influx occurred 8700 yr ago in
 both, but influx rates of 135 000 grainscm-2 yr- in
 Core B are 2.9 times as high as influx in Core A (47 000
 grains cm-2 yr- 1). The difference results from the pat-
 tern of sediment distribution within the lake basin. The
 deeper portions of lakes tend to receive the greatest
 amount of sediment, as a result of focusing (Davis and
 Ford 1982, Davis et al. 1984).
 Red/black spruce arrived at Lake of the Clouds at
 - 10 000 yr BP. The most striking feature in the Lake
 of the Clouds summary diagram (Fig. 9a and b) is the
 peak in the number of spruce needles (171 needles/50
 cm3 in the 1977 core, Fig. 9a). This peak occurred after
 the maxima of spruce pollen percentages and influx at
 11 100 yr BP. These first macrofossil assemblages also
 contained fir needle fragments and seeds of Betula,
 Ericaceae, Cyperaceae, and Potentilla tridentata. Fir
 needle fragments (three tips) first occurred at 9900 yr
 BP (Fig. 9a). However, the fir record did not become
 continuous until 9050 yr BP. In the 1976 core from
 Lake of the Clouds (Fig. 9b), fir did not appear until
 8400 yr BP. Birch seeds were found in macrofossil
 assemblages dating from 10 000 yr BP. They could be
 from either dwarf birch or krummholz paper birch.
 Birch percentages and influx values in this interval are
 difficult to interpret. The peak in percentages occurred
 after the fall in Alnus and before the rise of pine per-
 centages. Thus birch percentages were influenced by
 fluctuations in abundances of pollen from these two
 taxa. Birch influx increased at this time, but so did
 total influx, which may reflect sediment focusing.
 The first macrofossil assemblages at 10 300 yr BP
 also contained seeds from taxa with alpine species. Up
 to 10 Ericaceae seeds were found per level, but this
 concentration was only one-third the concentration in
 sediments younger than 9000 yr BP (Fig. 9a). At the
 same time, 10 100 yr BP, Ericaceae pollen appeared in
 the pollen record. From 10 300 to 9850 yr BP, Cyper-
 aceae pollen percentages were below peak levels but
 above modern levels (1-2%). Abundant seeds of Cyp-
 eraceae, 10 seeds/50 cm3, occurred until 9900 yr BP.
 During the same interval, a maximum of 5 seeds of
 Potentilla tridentata were found per 50 cm3. Pollen
 from the Caryophyllaceae disappeared at the beginning
 of this interval.
 Percentages and influx of several spores (Fig. 9a)
 increased between 10 300 and 9000 yr BP. Clubmoss
 (Lycopodium) spores reached 3.5% of the pollen sum.
 In the surface sample data, Lycopodium spores attained
 the highest percentages just above treeline. Percentages
 and influx of Polypodiaceae and Pteridium spores
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 reached high levels between 10 300 and 9700 yr BP,
 especially just after the maximum numbers of spruce
 macrofossils.
 From 9700 to 9000 yr BP the macrofossil assem-
 blages in the 1977 core contained a few pieces of de-
 graded spruce needles. No fir needle fragments or Er-
 icaceae, Cyperaceae, or Potentilla tridentata seeds were
 found. In the 1976 core (Fig. 9b), numerous spruce
 bases occurred in the first 300 yr of sedimentary record
 from 8800 to 8500 yr BP. These bases were all de-
 graded, however, and no other macrofossils were found.
 The pollen record from 9700 to 9000 yr BP was difficult
 to interpret, because the arrival of white pine in low-
 land forests and the increase in birch distorted the
 pollen percentages, and because the total pollen influx
 was dramatically increasing. Increases in pollen influx
 of Gramineae and Artemisia at 9500 yr BP may reflect
 sediment focusing rather than a real increase in the
 abundance of these taxa in the vegetation.
 Both the 1977 and 1976 cores have sediments dating
 from 9000 to 4000 yr BP. The macrofossil assemblages
 from this time interval are richer in species than from
 4000 yr to the present. Although spruce pollen per-
 centages were lower (1%) prior to 4000 yr BP, needle
 fragments were more abundant, averaging 40 frag-
 ments/50 cm3 in both cores. Fir needles were most
 abundant between 9000 and 7000 yr BP in both cores.
 Too few birch macrofossils were found in either core
 to speculate about its abundance around Lake of the
 Clouds. However, a number of seeds were found in the
 1977 core between 9000 and 7000 yr BP. Peak num-
 bers of Ericaceae seeds were found in the 9000-7000
 yr range: 26 seeds/50 cm3 in Core A at 9100 yr BP,
 and 33 seeds/50 cm3 in Core B at 8440 yr BP. Sedge
 (Cyperaceae) seeds show the same pattern in their dis-
 tribution in the 1976 core. They were far more abun-
 dant from 10 000 to 5000 yr ago, indicating at least
 patches of open vegetation existed. Seeds of Potentilla
 tridentata were also more abundant during the first half
 of the Holocene. A maximum of 6 seeds/50 cm3 was
 found at 7700 yr BP in Core A. Although pollen per-
 centages of taxa with alpine species were higher in the
 second half after 5000 yr BP (Fig. 9b), pollen percent-
 ages of Ericaceae, Caryophyllaceae, and Lycopodium
 (2-3%) indicated that open conditions persisted
 throughout the interval, as did other pollen indicators
 of treeless vegetation: Houstonia caerulea, Campanula,
 and Liliaceae pollen. Bryozoan statoblasts (Phylacto-
 lacmata statoblasts) occurred from 8000 to -4000 yr
 BP. The quillwort (Isoetes muricata) first appeared at
 6500 yr BP. Its numbers increased as the numbers of
 Bryozoan statoblasts decreased.
 Vegetation development at high elevations
 The summary diagrams suggest three stages in the
 establishment of the modem vegetation at high ele-
 vations (above 1150 m): (1) herb/shrub tundra; (2)
 treeline ecotone; and (3) modern alpine and subalpine
 zones.
 During the first stage, herb tundra became estab-
 lished roughly 12 000 yr ago. The vegetation may have
 been similar to the sedge meadow (Bliss 1963) that
 covers the cone of Mt. Washington today. Alternatively
 the successional trend that Bliss (1963) describes for
 Diapensia communities, i.e., Diapensia lapponica, Ar-
 enaria groenlandica, Agrostis borealis, and Juncus tri-
 fidus colonizing areas subject to frost action, may better
 reflect the vegetation. However, comparison of fossil
 with modern pollen assemblages indicates that Arte-
 misia was present and caryophylls were more promi-
 nent in the vegetation of this period than today. By
 11 000 yr BP Juniperus or Thuja and probably Salix
 (willows) and ericads reached high elevations and grew
 as low, prostrate shrubs. The modem alpine shrub tun-
 dra communities could have become established at this
 time.
 During the second stage, spruce arrived at roughly
 its modern altitudinal limit beginning - 10 350 yr ago.
 It probably grew in patches of krummholz rather than
 as upright forest trees. The vegetation at treeline (1450
 m) on the east slope of Mt. Washington (Harries 1966,
 Teeri 1968) may provide a modern analogue for the
 open vegetation of this time. Fir began to replace spruce
 between 10 000 and 9000 yr BP, but it did not become
 abundant in the subalpine forest and treeline ecotone
 until after 8500 yr BP. Although birch reached the
 high-elevation sites at about the same time as fir, it
 has never been abundant.
 During the third stage, the modern alpine and sub-
 alpine vegetation became established around Kinsman
 Pond, Eagle Lake Bog, and Deer Lake Bog approxi-
 mately 9000 yr ago. High-elevation vegetation was es-
 tablished, and subsequent changes in the mid- and low-
 elevation forest had little impact on the the subalpine
 and alpine zones.
 DISCUSSION AND CONCLUSIONS
 Deglaciation and plant colonization
 Radiocarbon dates and pollen stratigraphy at the
 four high-elevation sites suggest rapid downwasting and
 retreat of the Laurentide Ice Sheet. If the summits stood
 above the ice sheet as nunataks they may have done
 so for only a short time (Bradley 1981, Gerath and
 Fowler 1982, Goldthwait and Mickelson 1982). The
 oldest date in the region, 13 870 ? 560 yr BP (sample
 GX 5429), is from the lowest elevation site, Mirror
 Lake at 200 m (Davis et al. 1980). Deer Lake Bog at
 an elevation of 1325 m on Mt. Moosilauke is 12 km
 northwest of Mirror Lake and dates from approxi-
 mately the same time, 13 000 ? 400 yr BP. The two
 sites near Mt. Washington, Lost Pond (650 m; Davis
 et al. 1980) and Lake of the Clouds (1542 m), have
 sediments of comparable age. However, the mountain
 peaks could have been exposed for several thousand
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 years prior to deposition of datable organic sediments
 in high-elevation basins. Residual ice in Franconia
 Notch could explain the later onset of sedimentation
 at Kinsman Pond, Lonesome Lake, and Eagle Lake
 Bog.
 Extensive montane glaciation did not occur in the
 White Mountain cirques following the retreat of the
 continental ice sheet (Goldthwait 1970, Bradley 1981,
 Gerath and Fowler 1982). Two climatic parameters,
 temperature and snowfall, determine the elevation of
 montane glaciation. Goldthwait (1970) estimated that
 if, during the period of montane glaciation that pre-
 ceded the last glacial maximum, precipitation were the
 same as today, the mean summer temperature would
 have had to be 9.5%C colder. Glaciers could also have
 been re-established in the cirques if snowfall were 1.5
 times greater and mean summer temperature 5.5 cool-
 er than the present (Goldthwait 1970). Consequently,
 the absence of montane glaciation from 14 000 to 11 000
 yr BP meant that summer temperatures were either
 well above those of the full Wisconsinan or precipi-
 tation was drastically reduced.
 Goldthwait (1976) estimates that the mean annual
 temperature was 4-6? cooler than today sometime after
 deglaciation 14 000 yr ago, because periglacial features
 are found down to an elevation of 1500 m in the Pres-
 idential Range. The paleoecological record supports
 Goldthwait's temperature estimates and helps to refine
 the timing and duration of the cold period. From before
 13 000 to 11 750 yr BP, the pollen record is dominated
 by exotic arboreal pollen, indicating that little or no
 vegetation grew on the summits. Before 12 000 yr BP
 highly inorganic sediments were deposited at Lake of
 the Clouds, Deer Lake Bog, and Lost Pond (Fig. 10).
 Loss-on-ignition was <2.5%. Deposition of inorganic
 particulate matter exceeded 150 g m-2 yr- 1. The land-
 scape must have been highly unstable. Wind eroded
 the fine material in the till and frost shattered the rocks
 forming the boulder fields of the summits. The tem-
 peratures were above full glacial minima but certainly
 well below those of today. By the end of this interval
 the Laurentide Ice Sheet had retreated to the north side
 of the St. Lawrence lowland and the Champlain Sea
 had formed. Sparse vegetation cover was established
 around 12 000 yr ago.
 Herbaceous plants. -Herbaceous plant populations
 expanded in area and number between 13 000 and
 11 000 yr BP. The herbs and shrubs listed as nonar-
 boreal taxa (Fig. 11 a), Artemisia, Gramineae, Salix,
 Tubuliflorae, Caryophyllaceae, Cyperaceae, Ericaceae,
 Lycopodium selago, and Houstonia caerulea var.faxo-
 norum are often characteristic of open, sunny, and cold
 environments. The highest percentage (40%) of non-
 arboreal taxa occurred in the basal sample of Lost Pond
 12 600 yr BP. Percentages at the higher elevation sites
 were smaller ( 20%) indicating that the sparse vege-
 tation grew on higher slopes and produced little pollen.
 A significant portion of the pollen rain at Lake of the
 Lake of
 the Cl ouds VA
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 10
 eDeer Lake
 1325 mn
 Lost Pond
 650 m
 Lake oit?1 -140
 the Clouds
 1540 m.
 Deer Lake 25 (1
 Bog 0
 Lost Pond al
 650 mn
 Age (103 yr BP)
 FIG. 10. Percent organic matter and pollen influx at Lake
 of the Clouds, Deer Lake Bog, and Lost Pond.
 Clouds and Deer Lake Bog was derived from arboreal
 taxa growing to the south. Between 11 500 and 11I 000
 yr BP, peak percentages in nonarboreal taxa occurred
 in the records of Lake of the Clouds (25%) and Deer
 Lake Bog (30/), but declined sharply at Lost Pond.
 The upper slopes became more densely vegetated dur-
 ing this period, while trees invaded the valleys and
 woodland was established at least to an altitude of
 650 m.
 From 10 000 to 5000 yr BP nonarboreal taxa av-
 eraged 2.2% of the pollen rain at Lake of the Clouds,
 and rose to 3.9% after 5000 yr BP, exceeding the av-
 erage of nonarboreal pollen at Deer Lake Bog (2.1 %)
 and Lost Pond (1%). Macrofossil evidence also mndi-
 cates the vegetation at Lake of the Clouds must have
 remained fairly open during the last 10 000 yr and
 especially during the last 5000 yr.
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 FIG. 1 1. Sumnary pollen and macrofossil diagrams of specific taxa at Lake of the Clouds, Deer Lake Bog, and Lost Pond.
 Dots on the diagrams indicate the presence of macrofossils. = macrofossils present; = common; = abundant.
 Juniperus/Thuja. -The high-elevation sediments in
 the mountains contained no macrofossils of Cupres-
 saceae, but pollen percentages of Juniperus/Thuja type
 (Fig. 1 I b) are comparable to those of Columbia Bridge,
 65 km northwest of Mt. Washington. At Columbia
 Bridge, Miller and Thompson (1979) found a wide
 variety of Juniperus communis macrofossils, as well as
 100/% Juniperus/Thuja pollen in sediments dating from
 11 500 yr BP. Webb et al. (1983) also suggest that
 Juniperus was the main contributor to the early peak
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 in pollen at sites in southern Quebec. The peaks in
 JuniperuslThuja pollen percentages and influx are rel-
 atively high and broadly synchronous at all three White
 Mountains sites, but differences exist among the sites.
 The ratio of JuniperuslThuja pollen influx to total in-
 flux at Deer Lake Bog and Lake of the Clouds is 1.5
 times higher than at Lost Pond. The influx values sug-
 gest that prostrate shrubs of Juniperus or Thuja were
 more abundant around the two high-elevation sites
 than in the lowland. They could have invaded the tun-
 dra-like vegetation on the high mountain slopes before
 the arrival of spruce. Pollen percentages indicate that
 JuniperuslThuja plants disappeared from the region
 between 10 500 and 10 000 yr BP.
 Spruce. -Spruce was one of the first forest trees to
 arrive in central New Hampshire (Davis and Jacobson
 1985). Before 12 000 yr BP, spruce percentages were
 low, - 10% (Fig. I lc). After this time, they began to
 rise, reaching maximum values between 11 500 and
 10 900 yr BP at all three sites. Spruce macrofossils were
 found only at the lowest elevation site, Lost Pond,
 during this time. In the two upper-elevation sites, the
 high percentages of spruce pollen in the sediments re-
 sulted from upslope transport of pollen, for macrofos-
 sils did not occur at these levels. The charred spruce-
 needle base found at Lake of the Clouds in sediment
 dating from 10 900 yr BP may have been carried up-
 slope by an updraft from a fire.
 Red/black spruce (probably krummholz) reached the
 upper elevations at 10 300 yr BP. The spruce needles
 were found in sediments that recorded a precipitous
 decline in spruce pollen percentages. The decline in
 spruce pollen was not quite so abrupt and complete at
 Lake of the Clouds and Deer Lake Bog as at Lost Pond.
 Deer Lake Bog spruce percentages at 10 000 yr BP were
 nearly double those of Lost Pond and were equal to
 those of Lake of the Clouds. By 9000 yr BP spruce
 pollen percentages at Deer Lake Bog were 1%, equiv-
 alent to those at Lost Pond, while at Lake of the Clouds
 spruce percentages were still 4%. Populations of spruce
 probably persisted at high elevations.
 Between 9000 and 3000 yr BP, spruce populations
 at all elevations were greatly reduced from their peak
 levels of 12 000-9000 yr BP. Lake of the Clouds had
 a continuous record of low pollen percentages and ma-
 crofossils from 9000 yr BP to the present. During the
 last 3000 yr, a dramatic regional increase in the amount
 of spruce pollen was recorded at all three sites (Fig.
 1 c). The largest increase was at the lowest site, Lost
 Pond, where spruce pollen percentages increased to
 15% and macrofossil concentration tripled. The max-
 imum percentage reached at Deer Lake Bog was 12%,
 whereas the maximum at Lake of the Clouds was 7%.
 Neither of the two higher elevation sites showed an
 increase in the number of spruce macrofossils. Spruce
 trees increased in number in the forests below 100 m,
 the northern hardwood and spruce-fir forest at this
 time, but spruce populations did not increase in abun-
 dance above 1150 m in either the subalpine fir forest
 or the alpine meadow.
 Fir. - Balsam fir arrived at all three sites in the White
 Mountains just before 10 000 yr BP (Fig. I1 d). Its pol-
 len, which is large and under-represented in the pollen
 record, slightly preceded its presence in the macrofossil
 record. Because fir pollen preceded fir macrofossils by
 a few hundred years at high-elevation sites, the pollen
 was probably blown upslope from low-elevation pop-
 ulations before trees began growing at high elevations.
 Lost Pond had relatively abundant fir pollen and
 macrofossils from the time that fir first appeared (10 000
 yr BP). Fir trees must always have grown in the lowland
 forests around the site. At Deer Lake Bog and Lake of
 the Clouds, fir macrofossils did not become abundant
 until 8500 yr ago. At Lake of the Clouds, fir needle
 fragments were more abundant between 10000 and
 7000 yr BP. Only scattered patches of fir krummholz
 occur near Lake of the Clouds today. Therefore, fir
 (krummholz) might have been more abundant there
 before 7000 yr BP. Fir might have been the first upright
 tree to grow near Deer Lake Bog. In the last 3000 yr,
 filling of the basin at Deer Lake Bog led to fir trees
 growing closer to and actually on the site of deposition.
 Birch. -From - 12 000-11 400 yr BP, birch pollen
 had peak values of 18.5% at Lake of the Clouds and
 14.5% at Deer Lake Bog (Fig. lIe), the two high-ele-
 vation sites. There was no comparable peak at Lost
 Pond, where percentages of birch pollen remained at
 or below 10%. The size-frequency data from Lake of
 the Clouds show that most of the pollen in the 11 500-
 yr-old sample was between 20 and 22 Am in size (Fig.
 12), therefore predominantly from tree birch. It must
 have blown over long distances from trees in the low-
 lands, the high percentages being the result of the low
 rates of local pollen production during this time. By
 11 000 yr BP dwarf birch was most likely the major
 species in the White Mountain region, because the birch
 pollen from Lake of the Clouds was predominantly
 small (16 gin).
 The pollen records were similar at all elevations after
 10 000 yr BP. However, the macrofossil record of birch
 was quite different between the sites. Lost Pond was
 the only site with a continuous seed record from before
 10 000 yr BP. Yellow and paper birch have both been
 prominent in the lowland forest for the last 10 000 yr.
 Although birch seeds occurred as early as 10 000 yr BP
 at Lake of the Clouds, the macrofossil record at the
 site and at Deer Lake Bog was sparse and discontin-
 uous. All of the identifiable seeds in the macrofossil
 records from the four high-elevation sites were paper
 birch except for yellow/black birch type from the
 2275 yr BP level at Deer Lake Bog.
 Alder. -Percentages of green alder (A. crispa) at Lake
 of the Clouds and Lost Pond were highest between
 10 500 and 10 000 yr BP (Fig. 1 If), reaching levels of
 -24%. At Lake of the Clouds there are no alder ma-
 crofossils. Alder was probably not growing on the slopes
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 FIG. 12. Size frequency measurements of Betula pollen at
 Lake of the Clouds.
 around Lake of the Clouds; peak alder percentages at
 this site probably represent pollen from the regional
 pollen rain. The pollen rain was predominantly from
 Alnus crispa populations before 8500 yr BP. After this
 time Alnus rugosa or Alnus serrulata pollen dominated
 the regional pollen rain. Kinsman Pond shows a more
 local pollen rain with green alder persisting until - 6000
 yr ago. Because alder is a prolific pollen producer it is
 over-represented in the pollen rain. In the northern
 boreal forests of the Mackenzie Delta, Northwest Ter-
 ritories, green alder percentages are comparable to the
 peak values reached in the White Mountains 1O 000
 yr ago. Here green alder does not form a significant
 portion of the vegetation cover; only scattered shrubs
 are present (Ritchie 1974). The ecological significance
 of the persistant populations of green alder in Fran-
 conia Notch is uncertain. In areas where large drifts of
 snow accumulate, birch krummholz and green alder
 replace fir and black spruce at treeline on the east slope
 of the Presidentials (Harries 1966). Similar conditions
 could have existed in Franconia Notch. The later ex-
 pansion of populations in Franconia Notch could also
 explain why the sites contain a different vegetation
 history from Lake of the Clouds and Deer Lake Bog.
 Development of modern subalpine and
 alpine plant communities
 Between 11 750 and 11 000 yr BP the climate mod-
 erated slightly, allowing vegetation to become estab-
 lished on the mountaintops. Trees invaded the valleys,
 and extensive woodland had developed on the lower
 slopes. Sediments at all three sites became increasingly
 organic (Fig. 10) during this interval, indicating the
 establishment of more continuous vegetation. Pollen
 influx also increased 5-6 fold at Lake of the Clouds,
 4-fold at Deer Lake Bog and 18-fold at Lost Pond (Fig.
 10). Much of the herbaceous pollen-Artemisia, Car-
 yophyllaceae, Gramineae, Cyperaceae, Ambrosia,
 Tubuliflorae-before 11 000 yr BP is from herbs that
 colonize unstable soils, indicating solifluction in the
 region. No Artemisia species are found in the alpine
 zone today. The southeastern outposts of the eastern
 arctic species of Artemisia, A. borealis, are the calcar-
 eous cliffs and the limestone, magnesium, and serpen-
 tine barrens of the Gasp6 (Fernald 1950). Polunin (1948)
 reports finding Artemisia borealis growing on sunny
 south-facing slopes with unstable surfaces on the south
 coast of Baffin Island. In Greenland, A. borealis is found
 on xeric, sunny, unstable slopes on the west coast be-
 tween 680 and 740 north (Bocher 1954). Fredskild (1973)
 found that Artemisia pollen percentages increased in
 lake sediments in the Godthabsfjord area of west
 Greenland 8000 yr ago. He suggests that this was due
 to a drier, more continental climate.
 Caryophyllaceae pollen also indicates periglacial ac-
 tivity. Probably most of the Caryophyllaceae pollen
 belong to Arenaria groenlandica (mountain sandwort),
 a dominant species in several alpine communities in
 the White Mountains (Bliss 1963) and an important
 pioneer on disturbed soils (Harries 1966, Marchand
 and Roach 1980). Harries (1966) believes that in the
 alpine zone of the White Mountains Arenaria groen-
 landica grows solely on disturbed sites. Agrostis bo-
 realis and Solidago cutleri also invade such sites (Bliss
 1963) and these species must be among those contrib-
 uting to the high percentages of Gramineae and Tu-
 buliflorae pollen before 10 300 yr BP. The late-glacial
 Cyperaceae pollen undoubtedly includes that of Carex
 bigelowii which inhabits windswept sites that are prob-
 ably subject to frost action today (Bliss 1963, Harries
 1966). A few shrubs, such as Diapensia lapponicum,
 Vaccinium uliginosum, and Salix uva-ursi, colonize
 soil polygons and windswept ridges (Antevs 1932, Bliss
 1963, Harries 1966). Because pollen from Artemisia
 and Caryophyllaceae indicate that disturbed habitats
 were available for colonization, periglacial activity
 continued, and the mean annual temperature must have
 remained 40-60C below that of today.
 Between 11 000 and 10 300 yr BP the pollen record
 indictates that shrubs such as Juniperus, Salix, and
 dwarf birch invaded the alpine zone. Moderation in
 the climate allowed the establishment of dwarf shrub
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 heaths at this time. Other evidence of temperature
 moderation includes the opening of the basins in Fran-
 conia Notch which were open to sedimentation by
 1 1 000 yr ago. If residual ice had filled Kinsman Pond
 and Lonesome Lake, it had melted or perhaps retreated
 into the valley bottom. During the 700 yr between
 1 000 and 10 300 yr BP, pollen percentages and pollen
 influx of Artemisia, Caryophyllaceae, and other indi-
 cators of disturbance decline at all sites. The accu-
 mulation rate of inorganic matter also drops, indicating
 stabilization of the landscape. Periglacial activity was
 further reduced as temperatures rose closer to modem
 values; however, it probably did not cease until 10 300
 yr BP. The modern alpine communities probably be-
 came established at this time.
 10 300-9000 yr BP
 Spruce and fir trees began growing at high elevations
 10300 yr BP, 1200 yr after they first grew in the
 valleys around Lost Pond and Mirror Lake (Fig. 1 Ic).
 Before this vegetational change can be used as evidence
 of climatic change, other factors such as the migrational
 lag of species and soil development have to be elimi-
 nated.
 One possible explanation for the 1200-yr lag in es-
 tablishment of populations of spruce at high elevations
 could be a migrational delay in the arrival of the tree-
 line species in central New Hampshire. The treeline
 species of spruce before 10 000 yr BP was probably
 black spruce. Evidence suggests, however, that it was
 present in the White Mountain region long before 10 300
 yr BP. Watts (1979) believes that the three species of
 spruce migrated northward from Appalachia at differ-
 ent times. White spruce was reputedly the predominant
 species at the forest margin and the first to migrate
 north. Black spruce was present in the early white spruce
 forest, but red spruce migrated later, dominating the
 forests at the end of the spruce zone. Richard (1978)
 found pollen of both white and black spruce in sedi-
 ments older than 1 1 400 yr BP at Mont Shefford, Que-
 bec, 150 km north of the White Mountains. Needles
 with morphology similar to those found at high ele-
 vations have been found in sediments dating from
 11 500 yr BP at Mirror Lake and 11 200 yr BP at Lost
 Pond (M. B. Davis and L. C. K. Shane, personal com-
 munication). Thus the lag in establishment of high-
 elevation spruce population is not explained by late
 migration of the high-elevation species into the central
 New Hampshire region.
 Slow soil development at high elevations might also
 be used as an explanation for the delayed development
 of krummholz. Were several thousand years of plant
 succession needed before spruce and fir could colonize
 the summit boulder fields? This explanation is unlike-
 ly, for the White Mountains were completely overrid-
 den by the continental ice sheet, which left pockets of
 till at all elevations including the summit of Mt. Wash-
 ington. Suitable soils for krummholz existed. Studies
 at Glacier Bay, Alaska (Cooper 1923, Lawrence et al.
 1967), and Klutlan glacier, Yukon Territory (Rampton
 1970, Birks 1980) indicate that under favorable cli-
 matic conditions spruce forests can develop on mo-
 raines < 150 yr following the retreat of montane
 glaciers. In the White Mountains, vegetation studies
 by Flaccus (1959), Harries (1966), and Teeri (1968)
 show that treeline species can grown on nearly bare
 rock.
 Climatic change is the most tenable explanation for
 the arrival of spruce and fir at the high-elevation sites
 around 10 300 yr BP. The underlying climatic factor
 determining the altitudinal species limit is most likely
 temperature (Daubenmire 1954). Wind, however, is
 the most important climatic factor determining the
 altitude of treeline and the distribution of alpine plant
 communities (Antevs 1932, Bliss 1963, Harries 1966).
 Above treeline, krummholz is usually found in shel-
 tered sites (Tiffney 1972). Black spruce krummholz
 withstands the wind better than fir and can be found
 on exposed ridges swept free of snow in winter, as well
 as in more sheltered sites that have good snow packs
 in winter (Teern 1968). The fact that Lake of the Clouds
 was surrounded by more extensive spruce than either
 Deer Lake Bog or Kinsman Pond may be explained
 by the higher, more wind-exposed location of Lake of
 the Clouds.
 The climate 10 300 yr ago was marked by a dramatic
 increase in temperature of roughly 5?. Periglacial ac-
 tivity ceased. Temperatures rose from 40-60C below
 those of today to near modern values. The estimates
 of temperature at 10 300 yr BP range from 10 cooler
 to 0.50 warmer than today. If Lake of the Clouds had
 a climate similar to that found at 1700 m today, the
 altitudinal limit of krummholz, the mean annual tem-
 perature would have been 1P cooler than today. How-
 ever, the black spruce that grew around the Lake of
 the Clouds 10 300 yr BP was more extensive than that
 growing around the lake today and undoubtedly more
 extensive than at the present-day species limit at 1700
 m. Although spruce has the same altitudinal species
 limit as fir, it only forms krummholz patches at lower
 elevations near treeline (Harries 1966). The black spruce
 krummholz at Lake of the Clouds 10 300 yr ago was
 probably similar to that found today on the east slope
 of Mt. Washington at 1450 m, just above treeline. If
 so, the mean annual temperature was 0. 50 warmer than
 today. No matter which estimate is correct, 10 300 yr
 BP is marked by a dramatic increase in temperature.
 The ecotone between the subalpine fir forest and alpine
 meadow was established close to its modern limit.
 9000 yr BP to the present-record of climatic
 change and biotic interactions
 Fluctuations in the altitudinal limits of white pine
 (Pinus strobus) and hemlock provide evidence of
 warmer temperatures at lower elevations in the White
 Mountains of New Hampshire from 9000 to 5000 yr
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 BP. Davis et al. (1980) estimate that the temperature
 was 20 warmer and that precipitation was reduced dur-
 ing this period. These climatic changes presumably af-
 fected high-elevation vegetation as well; however, the
 vegetation changes were less obvious at high elevations
 than at low. The subalpine vegetation itself drastically
 altered the microclimate of the slopes, increasing the
 magnitude of climate change necessary to affect the
 subalpine fir forest and the position of treeline. The
 ecotones between the subalpine spruce-fir and fir for-
 est, and the fir forest and the alpine meadow, have not
 changed altitude much over the last 10 000 yr and do
 not appear to be sensitive to temperature change. The
 most important climatic factors in the distribution of
 vegetation in these zones are wind exposure (snow
 depth) and atmospheric moisture (Bliss 1963, Harries
 1966). Alpine areas in the White Mountains with strong
 winds, cool temperatures, fog, and high atmospheric
 moisture are more similar to areas in the eastern Arctic
 than to the sunnier and drier alpine areas of the west
 (Bliss 1964). Upright trees of undiminished stature are
 found at treeline in the Rockies and Sierra Nevada,
 but are never found (Griggs 1946) and probably never
 have grown at the forest limit in the White Mountains.
 Fir may have been more extensive at Lake of the
 Clouds from 10 000 to 5000 yr BP than it is now (Fig.
 1 lb). Besides abundant fir and spruce needles, the max-
 imum numbers of Ericaceae, Cyperaceae, and Poten-
 tilla tridentata seeds are found during this interval. The
 seeds indicate that open patches still existed, but ex-
 tensive krummholz that traps snow (Tiffney 1972)
 would have created favorable microclimates for other
 species that probably grew around the site. Treeline
 may have been close to Lake of the Clouds. The climate
 there may have been similar to that of Eagle Lake Bog
 at 1280 m or the Horn at 1200 m. If so, the mean
 annual temperature was 20 higher.
 The paleoecological record at Kinsman Pond can
 also be interpreted as indicating warmer temperatures
 from 9000 to 5000 yr BP. It contains fewer fir macro-
 fossils and lower percentages of fir pollen during this
 interval than after it. If fir populations were actually
 less abundant in the subalpine forests, then spruce,
 paper birch, or some other species characteristic of
 lower elevations may have been more abundant. Spruce
 did not increase in abundance at high elevations from
 9000 to 5000 yr BP. At Kinsman Pond, no spruce
 macrofossils were found during a 1500-yr period from
 8500 to 6900 yr BP, and pollen percentages remained
 low throughout the first half ot the Holocene. Possibly
 there was an increase in paper birch in the forest, but
 the paleoecological record does not provide evidence
 for this. Green alder definitely grew around Kinsman
 Pond and Eagle Lake Bog until 5000 yr BP. The eco-
 logical significance of the persistant populations of Al-
 nus crispa in Franconia Notch is uncertain. It grows
 on sheltered east slopes of the Presidential Range to-
 day. In areas where large drifts of snow accumulate,
 birch krummholz, birch trees, and Alnus crispa scrub
 replace fir and black spruce at treeline (Harries 1966).
 Similar conditions could have existed in Franconia
 Notch. The delayed establishment of species at Fran-
 conia Notch could also explain why the sites there
 contain a different vegetation history from Lake of the
 Clouds and Deer Lake Bog.
 The spruce-fir phase of the subalpine forest from
 750 to 1 150 m is a relatively recent vegetation type in
 the White Mountains, but grew in mountains in south-
 ern Quebec 6000 yr BP (Webb et al. 1983). Maps from
 eastern North America (Gaudreau and Webb 1985,
 Webb 1986) show southward movement of the 5%
 spruce isopoll in the last few thousand years. Jackson
 (1 98 3) theorizes that red spruce populations either mi-
 grated southward or expanded from small scattered
 populations at this time. I suspect that if red spruce
 populations did occur in the White Mountains before
 10 000 yr ago, remanent populations must have per-
 sisted in favorable sites. Low but continuous percent-
 ages of spruce pollen support this view, although it is
 not known which species of spruce are represented in
 the pollen record. The failure of spruce to expand their
 high-elevation populations during the mid-Holocene
 warm interval is puzzling. Why did spruce not extend
 its altitudinal range upward as did white pine and hem-
 lock? At the lower altitudinal range limit of spruce,
 temperature and moisture must play an important role
 in the competitive interactions of red spruce and north-
 ern hardwood species. The upper range limit of red
 spruce is determined by its ability to compete with fir
 in an environment subject to frequent wind distur-
 bance. Above 1200 m, strong winds give fir a com-
 petitive advantage. Fir produces more seeds at more
 frequent intervals and has more vigorous seedlings
 which develop root systems faster than does spruce.
 Thus fir is better adapted to short-term disturbance
 (Sprugel 1976).
 Perhaps warmer temperatures than today's gave
 northern hardwood species a competitive advantage
 over spruce in the lower elevations of the current range
 for spruce, while wind disturbance, which determines
 the upper limit of spruce range, remained unchanged.
 Thus the climatic conditions were unfavorable for the
 spread of red spruce populations from favorable sites
 until cooling after 3000 yr BP enabled them to expand
 at the expense of hardwoods at elevations between 750
 and 1220 m.
 Some evidence exists from high-elevation sites for
 climatic cooling after 5000 yr BP. At Lake of the Clouds,
 pollen percentages of alpine indicators increased (Fig.
 11). This increase, plus a decrease in the number of
 needle fragments from spruce and fir, indicates less
 extensive krummholz and more open conditions around
 Lake of the Clouds. The development of peat deposits
 in the alpine zone coincides roughly with the expansion
 of spruce populations at lower elevations. Soil deteri-
 oration may account for some of the vegetation changes;
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 however, soils on mountain peaks have never been
 good. Much of the till left by continental glaciation on
 the summits was probably eroded before 10 300 yr BP,
 before the slopes were stabilized by vegetation. Modern
 vegetation studies (Bliss 1963, Harries 1966, Reiners
 and Lang 1979) show that although vegetation greatly
 affects the development of soils, the soils of the moun-
 tain peaks have little influence on alpine vegetation.
 The retreat of krummholz and the development of peat
 are likely the result of a cooler/moister climate that
 developed after 3000 yr BP.
 The best physical evidence for climatic change is the
 development of peat at Star Lake Bog in the alpine
 zone of the northern Presidentials roughly 2000 yr ago
 (Spear 1981). As depth of peat increased, water was
 impounded, forming the shallow lake. However, there
 is no indication of renewed periglacial activity in the
 alpine zone during the last 2000-3000 yr BP. Gold-
 thwait (1976) suggests that the temperature fell 40 and
 frost sorting occurred down to an elevation of 1700 m
 after 3000 yr BP. The pollen record shows no increase
 in the species indicative of periglacial disturbance. If
 periglacial activity has increased in the last 3000 yr, it
 must be at elevations too far above Lake of the Clouds
 to leave a paleoecological record. Further study of al-
 pine peat deposits could yield important information
 on Neoglacial events in the White Mountains.
 A final indication of cooling during the last 5000 yr
 occurs in the record of subalpine forests at Kinsman
 Pond. The number of fir macrofossils increases signif-
 icantly after 5000 yr BP, suggesting that fir may have
 become more abundant in the forest at that time. Cool-
 er and moister conditions might have enabled fir to
 expand its populations at its lower altitudinal limit
 when the subalpine forest as we know it today, with
 its spruce-fir phase, and fir phase developed.
 In contrast to the continual changes in the vast low-
 land forests surrounding the White Mountain peaks,
 the high elevations have been remarkably stable.
 Changes in the lowland forest have had virtually no
 impact on the subalpine fir forest and alpine meadow.
 This knowledge gives insight into the dynamics of high-
 elevation vegetation and has allowed me to deduce the
 importance of climatic and biotic interactions in struc-
 turing the subalpine forest. Further detailed paleoeco-
 logical study of White Mountain sites over a range of
 altitudes, especially at low and mid elevations, will
 allow us to reconstruct the history of vegetation in the
 mountains and to ask questions about the factors con-
 tributing to that history.
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